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Abstract 
In order to study the mechanical properties of shale samples from Bakken Formation, nanoindentation 
method, an imaging technique borrowed from other engineering disciplines, was used. Different types of 
nanoindentation curves were analyzed and the applicability of the nanoindentation theories to study 
mechanical properties of shale samples at nanoscale was demonstrated. Elastic modulus and Hardness of 
different samples were calculated, compared and related to their mineral compositions and microstructures 
which are detected by 2D XRD and FESEM methods, respectively. Results showed that samples with more 
clay minerals (mainly composed of illite) and larger pore structures have less Young’s modulus.  In 
addition, based on the energy analysis method, the fracture toughness at nanoscale was estimated and its 
relationships with Young’s modulus was quantified. It was observed that fracture toughness increases 
linearly with Young’s modulus. This paper presents the results and major findings of this study. 
Keywords: Nanoindentation, Bakken shale formation, Mechanical properties, Fracture toughness, 
Nanoscale
1. Introduction 
As the first commercially successful application 
in 1950, hydraulic fracturing has been performed 
worldwide in oil and gas wells (King, 2012). 
Especially in the past decade, hydraulic 
fracturing has been an essential technique to 
enhance the production of the hydrocarbon from 
unconventional reservoirs such as shale gas, tight 
gas, shale oil and coal methane. Fracturing 
increases not only the production but also the 
total reserves that can be produced (Montgomery 
and Smith, 2010). Rock’s elastic and mechanical 
properties such as elastic modulus, fracture 
toughness and Poisson’s ratio are critical design 
parameters in hydraulic fracturing. Elastic 
modulus can influence the stability of fractures 
while fracture toughness – a generic term for 
analyzing material resistance to extension of a 
crack – can affect the geometry of the fractures 
(Thiercelin et al., 1989). Characterizing and 
quantifying these parameters has already been 
studied by many researchers in the past 
(Ghamgosar et al., 2015; Park et al., 2004; 
Senseny and Pfeifle, 1984; Thiercelin, 1987; Too 
et al., 2015; Zoback, 1978). However, due to the 
mineralogical variability, mechanically and 
chemically unstable properties of the shale 
formations, it is very expensive and sometimes 
even impossible to obtain suitable size samples 
for standard mechanical testing. 
Nanoindentation, which only requires a small 
sample volume, is a technique to detect the local 
mechanical properties such as Young’s modulus 
and hardness of the materials. This method has 
been widely used in material science research 
such as films, biological tissues and other 
cement-based materials (Naderi et al., 2016; 
Tanguy et al., 2016; Xiao et al., 2015). In recent 
years, researchers began to use this method in 
studying the mechanical properties of shale 
formations (Kumar et al., 2012; Mason et al., 
2014; Shukla et al., 2013), however, they limited 
their studies only in measuring Young’s modulus 
and hardness. In this paper, we report the results 
of using nanoindentation to study Bakken 
Formation samples from the Williston Basin, 
which is an unconventional reservoir. Estimation 
of mechanical properties such as Young’s 
modulus, hardness and fracture toughness of the 
Bakken Formation demonstrates the applicability 
of the nanoindentation technique in studying 




2. Theory and Background 
2.1. Nanoindentation curve 
Nanoindentation is a technique whereby an 
indenter tip is used to contact the test sample 
surface under a certain mode and the penetration 
depth along with the related applied load are 




Fig. 1. Schematic illustration of indentation load–
displacement curve (Hu and Li, 2015). 
 
 
Fig. 1 shows the typical indentation curve which 
consists of three stages of loading, holding and 
unloading. In the loading stage, the applied load 
increases as the penetration depth increase. This 
stage can be regarded as the combination of 
elastic and plastic deformation, whereas during 
the unloading stage we can assume that only 
elastic deformation can be recovered, and this is 
used to calculate the mechanical properties.  
2.2. Young’s modulus and hardness 
In order to estimate Young’s modulus and 
hardness values, several parameters derived from 
Fig. 1 was analyzed. For instance, contact 
stiffness S, defined as
max
/ hdh
dPS = , which 
quantifies the slope of the upper portion of the 
unloading part ( maxh ) is one that can provide us 
with valuable information regarding the 
mechanical response of the material. In order to 
eliminate the influence of the bluntness of the 
indenter on the test results, energy-based analysis 
was used to calculate the initial contact stiffness 





S E −= ν ,                        (1) 
Where Eν is called elastic energy ratios which 
can be defined as the ratio of the absolute work 
and the elastic work (Fig.2): 
 





=ν                                             (2) 
Where sU  is the absolute work from 
nanoindentation determined by the area 
OOAhL  whereas irU  is the irreversible energy 
work determined from the area maxOABh and eU  
can be calculated from the area ff hBhh max . 
 
 
Fig.2. Schematic illustration of the energy analysis 




 Fig.3. Schematic illustration of the unloading 





Fig.3 illustrates the unloading process during a 
typical nanoindentation test, from which it is 
concluded that  
cs hhh +=max ,                                         (3) 
Where sh   is the vertical surface deflection at the 
perimeter of the contact and ch is the contact 
depth. sh  and ch can be derived using the 
following equation separately(Hu and Li, 2015; 
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Once initial contact stiffness and contact depth 
were derived, the reduced Young’s modulus can 







= ,                                                   (6)                            
Where       25.24 cc hA = .                                      (7) 
Finally, the Young’s modulus and hardness 
















H =                                                       (9) 
2.3. Toughness measurement using 
nanoindentation  
There is a significant growth in the number of 
researchers who are using nanoindentation 
methods to study fracture toughness for its 
accurate and repeatable measurement (Kruzic et 
al., 2009; Scholz et al., 2004; Sebastiani et al., 
2015; Wang et al., 2015), whereas using 
nanoindentation method to study the fracture 
toughness of rocks is very scarce to date. In this 
paper, we acquired nanoindentation technique to 
study the fracture toughness of shale samples 
from the Bakken Formation. Due to the 
inhomogeneous nature of the samples and the 
difficulty in measuring the crack length during 
the nanoindentation process, we applied energy 
analysis method in this study. 
 The theoretical concept behind the energy 
analysis method is that the irreversible energy (
irU ) can be defined as the difference of the total 
energy ( tU ) and the elastic energy ( eU ) (Cheng 
et al., 2002). Then fracture energy ( crackU ) can be 
described using the following equation: 
 ppircrack UUU −=                                         (10)          
In this equation ppU is the energy cost due to the 
pure plasticity which can be calculated using the 

























−=        (11)                           
Therefore the critical energy release rate cG  can 











= ,                             (12)                             
Where mA  is the maximum crack area. For 
Berkovich indenter, the area can be calculated as
2
maxmax 5.24 hA =  .                                         (13) 
Finally, the fracture stress intensity factor cK can 
be computed as: 
 rcc EGK = .                                             (14) 
3. Geological Setting and Experiments 
3.1. Geological setting  
All the samples that are tested are retrieved from 
the wells drilled through the Bakken Formation 
in the State of North Dakota, USA. The Bakken 
Formation is located in the Williston Basin in 
Montana, North Dakota, and southern 
Saskatchewan (shown in Fig. 4(a)), has become 
one of the largest shale plays in the world. In this 
paper, we analyzed samples from the Well 
CHARLIE SORENSON 17-8 3TFH. The target 
Bakken Formation of this well consists of three 
members: Upper, Middle and Lower Bakken. In 
this well, the upper Bakken is composed of 
distinctive black, blocky, carbonaceous shale 




with the increasing drilling depth, the samples 
changed from the black Upper Bakken Shale to 
silty Dolomite, indicating the appearance of 
Middle Bakken Formation. For this well, the 
Middle Bakken Formation has light gray, off 
white dolomitic siltstone, finely crystalline, with 
fair intercrystalline porosity. And for the lower 
Bakken Formation, samples were collected as the 
ROP increased again. Samples of the Lower 
Bakken were typical shale, brownish black in 
color, fissile, gritty, with bright fluorescence and 
streaming bright yellow cut. Fig.4 (b) shows the 
stratigraphic column and the facies distributions 
of Bakken Formation. Overall, Upper and Lower 
Bakken is composed of shale with an abundance 
of clay minerals whereas the Middle Member 
varies in lithology and consists of interbedded 
siltstones and sandstones with lesser amounts of 






Fig.4. Schematic of the area and the well we studied in 
this paper ((a) is the map of Williston and (b) shows 
the stratigraphic column of Bakken Formation (Li et 
al., 2015) 
 
                            (a) Raw core samples 
 
(b) Prepared samples for tests 
Fig. 5. Shale samples used in this study 
3.2. Experiments 
To get the most accurate results sample, 
preparation plays a crucial role. The surface of the 
smoothness of the sample specimens is very 
crucial for the accuracy of the results. Based on 
the combination of log and core photo image 
analysis, we collected the rock fragments from 
the original cores extracted from the Bakken 
Formation available at the North Dakota Core 
Library. The samples were broken into small 
pieces and then put in the resin liquid until the 
resin becomes solid under vacuum conditions. 
Sand papers of different grit sizes from 600 to 
1200 was used to polish the sample surface 
followed by the different grain size of diamond 
polishers of 5, 3 and 1 microns. Fig. 5(a) shows 
the raw samples and Fig. 5(b) represents the 
prepared samples ready for the tests.  
MTS Nanoindenter XP with Berkovich-type 
indenter (see Fig. 6) was used to test the samples. 
Indentation experiments were conducted at room 
temperature and ambient pressure. The 




mode with a loading rate of 20 nm/s. Scores of 
data were collected as the indenter approaches 
and retracts from the test point. Then data 
analysis was carried to calculate the mechanical 
properties of the sample. 
 
 
Fig. 6. MTS Nano-indenter (Agilent Company) used 
in this study 
 
4. Results and Discussions 
4.1. Nano-indentation curves analysis 
Fig.7 depicts some typical nanoindentation 
curves obtained from the tested samples. 
All the curves in Fig. 7 show the elastic-plastic 
deformation during the loading process. Fig.7 (a) 
illustrates the typical indentation curve without 
any abnormal phenomenon. From Fig. 7 (b), it is 
evident that the loading curve shows a normal 
pattern, however, the unloading curve follows an 
elbow pattern. The pressure beneath the indenter 
is very high and always increases as the 
indentation depth increases. Once the hydrostatic 
pressure is larger than the critical point, phase 
transformation occurs (Tabor, 1978). The gradual 
change of the unloading curve is the result of the 
material expansion during the slow 
transformation to the amorphous phase, which 
contributes to the indenter uplift (Domnich et al., 
2000). Fig.7 (c) shows the “pop in” phenomena 
in the loading curve. This is interpreted due to the 
cracks forming during the nanoindentation 
process. When the indenter contacts the material, 
the work by the indenter will change the elastic 
energy of the material once the elastic energy 
increases to a critical value at some point in the 
contact field, plastic deformation occurs with the 
increasing load. For the elastic–plastic materials 
such as rocks, their elastic energy is almost 
invariant within the localized plastic deformation 
zones. However, rocks which are just exterior to 
this zone and in a state of incipient plastic 
deformation have less elastic energy and the 
elastic energy decreases significantly as the 
distance from the contact zone increases. The 
large energy difference in different zones can lead 
to the formation of the cracks (Cook and Pharr, 
1990; Lawn et al., 1980; Oyen and Cook, 2009). 
Fig.7 (d) shows combinations of “pop in” and 
“elbow” phenomena. 
The parameters of curve fitting to the loading and 
unloading stages of Fig. 7 (a), (b), (c) and (d) are 
calculated respectively and reported in Table 1. 
The results explain that the loading and unloading 
curves fit the power law functions listed below 











               (15) 
Where P  and h  are the loading force and 
displacement, respectively. fh  is the residual 
displacement. K , n ,α and m are constants which 
can be calculated based on the experiments.  
This is a similar behavior observed in other 
materials(Lawn et al., 1980), proving that the 
theory of nanoindentation may be used for the 
calculation of rock mechanical properties.  
 



















































(c) Pop in 

















 (d)  Pop in and Elbow 
Fig. 7. Typical nanoindentation curves identified 
during testing the Bakken Shale samples. 
 
Table 1 Curve fitting analysis of the loading and 
unloading processes, respectively 
    K  n  2R  
Loading 
process 
a 0.00048 1.80591 0.99992 
b 0.00013 1.87968 0.99586 
c 0.00265 1.52325 0.99848 
d 0.02687 1.15039 0.96086 
  α  m  2R  
Unloading 
process 
a 0.07906 1.22777 0.99450 
b 0.0049 1.50995 0.99044 
c 0.14466 1.21886 0.99238 
d 0.00597 1.62741 0.98771 
 
4.2. Elastic modulus and hardness  
Young’s modulus and hardness of the samples 
were derived and their values were plotted versus 
the penetration depth as shown in Fig.8. 
 






















(a) Hardness value 




















                                                                                   
(b) Young’s modulus  
Fig. 8. Changes of elastic modulus and Hardness 




distinguished stages: 1. Initial rising; 2. Plateau; 
3.falling off. 
 
Fig. 8 represents the results of a sample for 
calculating Young’s modulus. From this figure, it 
is concluded that both plots adhere three 
distinguished stages. During the initial stage, we 
can assume that the contact is elastic, which 
means that the values of this stage are the mean 
values and less than the real mechanical value of 
the materials. At larger penetration depth, the 
influence of the substrate on the test values will 
become more pronounced as is visible from the 
third stage in the figure, so the hardness value 
extracted from the plateau stage will be 
considered as the real hardness value of the 
sample. For the Young’s modulus we use the 
extrapolation technique (see Fig. 8 (b)). We 
extended the plot from the second stage to the 
sample surface (i.e. when displacement equals to 
0), and where the vertical axis intercept the graph, 
Young’s modulus of the samples is read (Fischer-
Cripps, 2006). Following this procedure, for this 
test point in this sample, its hardness value is 
obtained to be 13.8GPa  and Young’s modulus 
equal to 95GPa .  
Fig.9 shows the elastic modulus and hardness 
values of the four samples we tested. Sample 1 is 
from Upper Bakken Formation while sample 2, 3 
and sample 4 are from Middle Bakken Formation. 
The data shows that sample 4 has the highest 
elastic modulus while sample 3 has the lowest 
values. More research about the properties of the 
four samples can be seen in the following section. 
















Fig. 9. Elastic properties of different samples.  
4.3. Young’s modulus, hardness, mineral 
compositions and microstructures 
In order to study the relationship between the 
elastic properties, mineral compositions and 
microstructures, the four samples with quite 
different elastic properties derived from 
nanoindentation test were analyzed by XRD, 
FESEM  
4.3.1. Mineral compositions  
X-Ray Diffraction (XRD) was performed on the 
flat surface of the samples using Bruker D8 
Discover 2D apparatus. For the rock such as 
shale, having preferred orientation, the percent 
crystallinity measured with the conventional 
diffractometer is not consistent. While the sample 
orientation has no effect on the full circle 
integrated diffraction profile from a 2D frame, 2D 
XRD system can measure percent crystallinity 
more accurately with consistent results(He, 
2003). 
Fig. 10 presents the images of 3 frames of the 2D 
XRD scanning for Sample 1. Combining the three 
frames and the relevant signals for 25-115 degree 
scan angle produces Fig. 11. Quantitative 
measurement of the mineral composition can be 
obtained by analyzing the signal peaks. The 
results showed this particular sample contained 
51.3% clay minerals (mainly illite) and 31.9% 
quartz. 
Following a similar procedure, we derived the 
mineralogical compositions for the rest of the 
samples (see Table 2).  
 
Table 2 Composition analysis by XRD  
 Sample 1 Sample 2 Sample 3 Sample 4 
Quartz 31.9 35.8 37.9 49.4 
Calcite 0 2.5 2.6 1.7 
Dolomite 12 0.1 0.3 2 
Ankerite 0 4 6.3 3.4 
Pyrite 0 3.6 5 4.8 
K-feldspar 4.7 11.2 8.7 9.8 
Albite 0 7.6 5.1 3.7 
clay  





Results show that the two major minerals 
components of the samples are quartz and clay 
minerals (mainly composed of illite). Due to the 
small percentage of other minerals, so in this 
paper, we neglect their influence on the 
mechanical properties. Results show that sample 
1 has the most clay minerals (51.3%) and the least 
amount of quartz (31.3%) whereas sample 4 has 
the least clay minerals (25.2%) with the highest 
amount of quartz content (49.4%). Sample 2 and 
sample 3 has similar mineral compositions 
(Sample 2 has 35.8% quartz and 35.2% clay 
minerals while sample 3 has 37.3% quartz and 
34% clay minerals). These results will be cross-
validated by the SEM analysis of the samples 








Fig. 10.  Image of 3 Frames of 2D XRD scanning for 
angles of (a) of 25-55°, (b) 55-85° and (c) 85-115° 
representing one sample. 
 
Fig.11. XRD signal of one sample obtained by 
combining the three frames from Fig. 10. 
4.3.2. Microstructures 
   











(c) Sample 3 
 
 
(d) Sample 4 
Fig. 12. SEM images of few shale samples from 
different members of the Bakken Formation.  
 
Field Emission Gun Scanning Electron 
Microscope JEOL 6500 apparatus (JEOL 
Company) was used to study the microstructures 
of the four samples. The results are shown in 
Fig.12. From this figure, it is observed that 
samples 1, 2 and 4 have, in order, the highest to 
the least clay minerals which are in agreement 
with the XRD analysis results presented earlier. 
The results also represent that sample 3 has more 
pores and fractures than the rest. 
Comparing the values of Young’s modulus and 
hardness for four different samples which were 
presented in Fig.9 with the SEM and XRD data, 
it’s concluded that sample 4 that has the highest 
Young’s modulus and hardness values, and 
sample 3 with the lowest values exhibit more pore 
structures and fewer clay minerals respectively.  
Packing density which can neatly summarize the 
porosity and mineralogy information can be used 
to explain this phenomenon which were defined 





                                            （16） 
 Where, ƞ is the clay packing density, φ is the 
porosity, %; and finc is the clay volume fraction. 
As the porosity or the clay content increase, the h 
value will decrease, resulting in the decrease in 
the Young's modulus and hardness value (Bobko 
and Ulm, 2008).  
Compared with Sample 3, Sample 1 with much 
higher clay content (17.3% more) and less lower 





parameters: Young's modulus and hardness, 
demonstrating that the impact of the porosity on 
the mechanical parameters is higher than the clay 
content which is consistent with multivariate 
linear regression analysis by Kumar et al. (2012). 
 
4.4. Fracture toughness test 
Based on the energy analysis method, 20 
nanoindentation tests were performed on four 
different samples from three members of the 
Bakken Formation.  










































































































Fig.13. Energy analysis results from nanoindentation. 
(a) contact stiffness, reduced modulus and Young’s 
modulus; (b) total energy, plastic energy, elastic 
energy and crack energy; (c) energy release rate and 
fracture intensity factor. 
 
Fig.13 (a) depicts the results of the contact 
stiffness, reduced modulus and Young’s 
modulus.  From this figure, it is seen that the 
higher contact stiffness, the higher the Young’s 
modulus is. This is because the contact stiffness 
is the value of the slope of the nanoindentation 
curve at maxh . Elastic energy increases as the S
increases. So Young’s modulus which can reflect 
the elastic properties of rocks also increases as 
shown in Fig. 14. Fig. 13 (b) presents the energy 
distribution corresponding to each 
nanoindentation test.  Fig. 13 (c) depicts the 
results of the energy release rate and fracture 
intensity factor of the nanoindentation tests, 
showing the fracture toughness increases and the 
energy release rate increases.  
The average value of ICK from Fig. 13(c) for the 
samples from the Bakken in nanoscale is around 
3.06 mMPa . Plotting the Young’s modulus 
versus the toughness values for the samples, a 
linear relationship is developed at the nanoscale 
as shown in Fig.15. The following equation 
allows us to estimate the fracture toughness from 
Young’s modulus at nanoscale:  
EK IC 04048.07288.0 +=               (17) 
From literature and database, the values of 
fracture toughness of Bakken formation rocks are 
rarely to be found while the information of elastic 




Equation 15 gives us a potential estimation of the 
fracture toughness of Bakken Formation without 
doing many experiments, saving a lot of time and 
making more profits.  
In this paper, all the mechanical properties such 
as Young’s modulus, Hardness and fracture 
toughness were calculated under the ambient 
temperature and pressure which can be a little 
different from the value of the rocks under the 
real reservoir conditions. Under the reservoir 
conditions, the pore structures will change and 
rocks become more plastic due to the high 
temperature and high pressure. Also in this paper, 
we only studied the mechanical properties of the 
rock sample in nanoscale, which is not suitable to 
estimate the rocks in large scale directly due to 
the heterogeneous properties of the rock. In the 
near future, we will use project nanoindentation 
and phase characterization method to upscale the 
mechanical properties of the rocks from 
nanoscale to a large scale and then we will 
compare the results from true triaxial test and logs 
to confirm the validity of this method, however, 
at this stage, these results provide a good insight 
in order to understand some nanoscale behavior 
of these samples, showing the great potential of 
the application of this method to study rock 
mechanical properties.  
 
















Fig.14. Relationships between contact stiffness and 
Young’s modulus 


























In this study, we applied the nanoindentation 
method to study the mechanical properties of 
shale samples from Bakken Formation. The 
analysis of the nanoindentation indicated some 
abnormal phenomenon such as pop in and elbow. 
The results of this study showed that the theory of 
nanoindentation can be applied for studying the 
mechanical properties of rocks at nano-scale. 
Young’s modulus and hardness values were 
calculated and compared with their mineral 
compositions and microstructures. The results 
suggested that the more clay minerals and pore 
microstructures present in the samples, the less 
the elastic Young’s modulus and hardness values 
will be. Based on the energy analysis, fracture 
toughness of different samples at nanoscale was 
calculated and compared and the relationship 
with Young’s modulus is developed. The results 
stated that toughness of the samples tested in this 
study increases linearly with the Young’s 
modulus. The results of this study provide a great 
potential application of nanoindentation method 
in analyzing the rock mechanical properties and 
predicting fracture properties required in a 
successful hydraulic fracturing operation in 
unconventional shale plays (shale gas and shale 
oil formation). Future work is focused to upscale 
the mechanical properties in nanoscale to macro 





maxh           Maximum displacement, nm  
maxP           Maximum indentation load, mN  
S             Contact stiffness 
Eν             Elastic energy ratio   
sh             Vertical surface deflection, nm  
ch             Contact depth, nm  
fh             Residual displacement, nm  
rE             Reduced modulus, GPa  
tU             Total energy, J  
irU          Irreversible energy, J  
ppU           Energy cost by plastic deformation, J  
eU              Energy cost by elastic deformation, J  
crackU        Energy cost by cracks, J  
cG           Energy release rate, 2/ mNm  
ICK     Fracture stress intensity factor,   
mMPa  
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